Iridescent structural colors and polarization properties of the light shown in the reflection from insects, such as butterflies and scarab beetles, attract attention to explore the relationship between the microstructures and their optical behaviors. [1] [2] [3] [4] [5] [6] One of the most intriguing phenomena is that some beetles reflect light with a very high degree of circular polarization (P c ). 4 This transformation of unpolarized incident light into nearly circularly polarized light is associated to a chiral stacking of chitin-based layers, showing a helicoidal structure, in the cuticle. [3] [4] [5] [6] By mimicking these natural helicoidal structures, it is possible to manipulate optical polarization states. In addition, further insight into the origin of natural polarization can be gained.
Chirality in various materials, for instance Au helixes and related chiral metallic structures [7] [8] [9] [10] , cholesteric liquid crystals (CLCs) 11 , and sculpted thin films [12] [13] [14] , including dielectric oxide and fluoride nanostructures, polymers 15 , and hybrid nematic liquid crystals imposed in inorganic nanostructures 16 , have been used to develop circular polarization sensitive optical elements, such as broadband circular polarizers and wavelength-tunable polarizers or filters. [7] [8] [9] [10] [11] [12] Mostly, these chiral materials are tailored by external morphology. The optical chirality in the materials are often due to either circular dichroism in chiral metallic materials, [7] [8] [9] or optical Bragg reflection from birefringent dielectrics [12] [13] [14] [15] . Recently, hybrid nanocolloids 17, 18 and composite metal nanohelixes related chiral plasmonic structures 19, 20 have been demonstrated to enhance the chiral-optical response in the visible range utilizing surface plasmon resonance of metal nanoparticles.
Approaches to make inorganic chiral materials are mainly based on 3D lithography 4 polycrystalline structures, frequently with a broadening of the spiral and rod diameters with increasing growth time. Such broadening may destroy the nanostructures due to structural coalescence at long-time growth. In addition, none of the approaches are suitable for making internal lateral compositional gradients in the nanostructures.
In a previous study 25 , we have demonstrated a unique growth mechanism, here denoted controlled curved-lattice epitaxial growth (CLEG), for making one-axis curved In x Al 1-x N nanocrystals having a graded single-crystalline structure and a stress/strain free curved lattice. In this Letter, we show how this kind of nanocrystals can be used to tailor chirality by utilizing the materials intrinsic anisotropic properties. In contrast to other literature reports 13, 14, [22] [23] [24] , our material has a chirality manifested not only by the spiral morphology, but also by an internal chemical and structural gradient. To achieve this we have developed a process for making single- 
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The concept of the CLEG nanospiral growth method is outlined in Fig. 1 . Based on the original report by Radnoczi et al., Fig. 1 illustrates the concept of how a curved segment of an In x Al 1-x N nanospiral with an ideally lateral compositional gradient can be grown by the CLEG technique when the substrate is kept stationary. 25 Blue to red color gradient along the lateral direction of the rod indicates the intra-rod compositional gradient from high to low Al content in the In x Al 1-x N. Due to the lateral lattice parameter gradient between the Al-and In-rich sides of the In x Al 1-x N crystallite the rod becomes curved. Hence, a curved nanorod is single crystalline but with a laterally graded composition. Thus, based on a wurtzite crystal structure with a preferred nanorod growth along the crystallographic c-axis, the crystal structure of the nanorods can be described as basal planes with laterally changing internal lattice spacings a and a corresponding lateral variation in the c lattice-spacing. With temporal control of the substrate azimuthal orientation, nanospirals can be formed by, e.g., sequentially stacking segments of curved nanorod segments on top of each other, where each segment is incrementally rotated around the spiral axis. By controlling the growth rate, segment length, rotation direction, and incremental rotation angle, spirals are tailored to predetermined handedness, pitch, and height. importantly due to the lateral gradient in composition and lattice parameter [ Fig. 1a ], but also in part due to that In x Al 1-x N have a uniaxial wurtzite structure [26] [27] [28] [29] [30] . The second effect has profound influence on the optical response of the system due to the rotation of a birefringent and dichroic structure. Hence, the CLEG In x Al 1-x N nanospirals are unique in the sense that the chirality is manifested not only by the external spiral morphology, but also by the internal rotation of the crystalline structure, which will give a strong interaction with light. 31, 32 The In x Al 1-x N nanostructure growth was performed in an ultra-high-vacuum (UHV) magnetron sputter epitaxy (MSE) system evacuated to a base pressure of < 3x10 -9 Torr (4x10 Figure 2 shows SEM side-view images of both straight nanorods and nanospirals grown by MSE. Figure 2a shows straight In x Al 1-x N nanorods, which are well separated and have a uniform height of ~ 640 nm. The distribution of the rods is homogeneous throughout the sample. All nanorods exhibit a tapered top and stepped side surface, which is attributed to the formation of a core-shell nanorod structure according to our previous study 27 . Figures 2b and 2c demonstrate left-and right-handed nanospirals comprised of 5 turns with a period of 200 nm.
The nanospirals are seen to be rather homogenous in height (~ 1 µm), spiral diameter (~ 80 nm), and rod diameter (~ 60 nm). Morphologically, except for the spiral shape, the nanospirals feature the same properties as the straight nanorods by virtue of the high stability and controllability of MSE. Moreover, no broadening is observed towards the top of the nanorods and nanospirals, which is an essential difference to spirals grown by conventional GLAD.
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Analyses of microstructural properties and compositional mappings were performed 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 instrument, were performed by using the double corrected Linköping Titan 3 60-300 operated at 300 kV, equipped with a large solid angle Super-X EDX detector and high-speed Gatan Imaging
Filter Quantum ERS spectrometers. Figure 3 shows nano-structural analyses of the nanospirals in both side-view and topview projections. Figure 3a is a mass-contrast STEM image of free nanospirals. The micrograph shows well-defined spiral nanorods with a brighter core and a darker shell due to higher In and Al contents in the core and shell, respectively. In addition, the shell exhibits sprouts on the core, predominantly on its concave side and inclined with respect to the core direction, corresponding to the stepped side surfaces, seen in Fig. 2 . A lattice-resolved side-view image taken of the core at the tapered top of a nanospiral is shown in Fig. 3b . A curved lattice is clearly observed. Figure   3c shows the corresponding fast Fourier transform (FFT) exhibiting semi-arcs corresponding to the curved lattice. Examining the FFT, using the center of the arcs, a hexagonal structure can be determined with the average c-axis along the growth direction of the spiral axis, the zone axis 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 center, confirming that a lateral gradient of lattice constant in the spirals exists. A top-view lattice-resolved image taken at the core area of a nanospiral, shown in Fig. 3e , presents its crystalline hexagonal lattice with gradient dark/bright contrast from the core to the edge shell. A corresponding FFT of the lattice as seen in the top-view, shown in Fig. 3f , exhibits a welldefined hexagonal pattern, in contrast to top-view SAED pattern (inset of Fig. 3d ) obtained from multiple cross-sections of nanospirals. It indicates that the semi arcs in the SAED pattern are due to slight twist misorientations between the nanospirals. This can be explained by the rotating lattice inside each nanospiral, which in general will occur due to the combination of curved lattice planes and the precession of the c-axis along the spirals.
To explore the composition in the nanospirals, EDX spectroscopy and VEELS 27, 33, 34 were employed using a nanoprobe to map a cross-section of a single nanospiral. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 procedure. To quantify the variation of the InN mole fraction in the nanospiral, a VEELS map was acquired of the entire spiral cross-section. Figure 4e shows the map comprised of the peak energy of the bulk plasmon, which is strongly correlated to the group-III nitride compound composition 27, 34 . A line profile extracted from the VEELS map, indicated as the dashed line in 26, 29, 30 When the growth temperature is closer to an equilibrium condition, a concentric core-shell structure with a more distinct two-phase compositions can be formed thanks to the higher adatom mobility and high In desorption rate on the sidewalls 35, 36 . The spiraling asymmetric core-shell structure with graded lateral composition supports that the growth is controlled in the non-equilibrium region but towards to the equilibrium, T > 700 o C at the present composition, x < 0.2. It should be stressed that the nanospirals in this work are primarily formed thanks to the lateral compositional gradients in the cores, as shown by the TEM analyses, and not so much due to the spiraling asymmetric shell. The CLEG phenomenon demonstrated here is realized as a result of a non-equilibrium self-assembly process based on C, in our previous study. 25 However, the crystalline quality, morphology, and compositional distribution of the nanostructures can be affected by many parameters, such as growth temperature, substrate material and orientation, magnetron power, substrate bias, working pressure, composition, incoming flux angle, and target-to-substrate distance. More work is needed to build a comprehensive knowledge of the CLEG of In x Al 1-x N nanostructures. On the other hand, the CLEG is a fundamentally different growth process to GLAD [22] [23] [24] , where the growth direction mainly is governed by the directional flux and nearly negligible adatom kinetic energy. GLAD nanostructures often show an amorphous or polycrystalline microstructure with a fiber texture structure, and a broadening of rod diameter with growth time, while CLEG nanostructures are single crystals. Moreover, the CLEG nanorods are intrinsically curved which is fundamentally different from bent nanorods 38, 39 . The latter are comprised of two distinct materials with different lattice parameters and coefficients of thermal expansions grown together side-by-side rather than a gradual composition change. Thus, bent rods have large internal strains and stresses due to the distinct lattice mismatch and unrelaxed lattices at the internal boundary between the two materials. In contrast, our CLEG curved nanorods are expected to have negligible internal strains and stresses owing to the graded lattice constant. In addition, considering the high thermal stability of In x Al 1-x N thin films, 29, 30 we expect high thermal, mechanical, and structural stabilities in CLEG In x Al 1-x N nanostructures. The polarizing properties of the nanostructures were examined by Mueller matrix spectroscopic ellipsometry (MMSE) using a J.A. Woollam, Co., Inc. RC2 dual rotating compensator ellipsometer 31, 32, 40 The measurements presented in this study were made in the spectral range of 245-1000 nm at an incidence angle of 25°. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 wavelength range. This is a distinctive behavior, which can be utilized for making polarizationtunable devices by, e.g., utilizing the piezoelectric property of the wurtzite crystal structure.
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